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moth AL, there is a large and sexually dimorphic structure called the macroglomerular complex (MGC) (Hansson and Anton 2000) . The AL also contains many local interneurons (LNs) that are organized into complicated synapses with ORNs and PNs (Christensen et al. 1993) . LNs, which are thought to be mostly GABAergic (Christensen et al. 1998a; Hoskins et al. 1986; Malun 1991; Seki and Kanzaki 2008; Wilson and Laurent 2005) , are a primary source of the inhibitory postsynaptic potentials observed in PNs (Christensen et al. 1993) . GABAergic inhibitory input from LNs in the AL is strongly suggested to play an important role in shaping PN responses, regardless of insect species (Christensen et al. 1998b; MacLeod and Laurent 1996; Olsen and Wilson 2008; Sachse and Galizia 2002; Stopfer et al. 1997; Tabuchi et al. 2013; Watanabe et al. 2012; Wehr and Laurent 1999; Wilson and Laurent 2005) .
In recent years, however, immunohistochemical analysis of the AL in various insect species has revealed various non-GABA neurotransmitter molecules in LNs, such as acetylcholine, glutamate, and neuropeptides (Berg et al. 2009; Carlsson et al. 2010; Iwano and Kanzaki 2005; Liu and Wilson 2013; Shang et al. 2007) . Not only immunohistochemical analysis but also electrophysiological analysis have revealed non-GABAergic neurotransmission such as cholinergic excitation and electrical synaptic connection (Huang et al. 2010; Yaksi and Wilson 2010) and glutaminergic inhibition of LNs in the Drosophila AL (Liu and Wilson 2013) .
In addition to the diversity in neurotransmitter release, heterogeneous morphologies and spiking patterns of LNs have also been comprehensively characterized (Chou et al. 2010; Reisenman et al. 2011; Seki et al. 2010) , suggesting that LNs are not quite as simple as previously thought. In addition to spiking types of LNs, nonspiking types have been identified in the locust (Laurent and Davidowitz 1994) and the cockroach Periplaneta americana (Husch et al. 2009a ) as hemimetabolous insects, as well as in the noctuid moth Agrotis ipsilon as a holometabolous insect (Lavialle-Defaix et al. 2015) . Heterogeneity of voltage-gated calcium currents in spiking and nonspiking LNs were described in the P. americana AL, suggesting parallel signal propagation pathways with different temporal dynamics between spiking and nonspiking LNs (Husch et al. 2009a) . Following that study, nonspiking LNs were further classified with distinct morphologies and membrane properties (Husch et al. 2009b ). Moreover, heterogeneous immunoreactivities correlating with their morphological and physiological differences have been shown (Fusca et al. 2013 ). In terms of functional connectivity, reciprocal chemical inhibition among spiking LNs has been identified (Warren and Kloppenburg 2014) in the P. americana AL, but the functional connectivity of nonspiking LNs remains unclear.
The aim of this study is to characterize intrinsic membrane properties and functional connectivity of LNs in the silkmoth (Bombyx mori) AL. Our previous studies have shown that GABAergic mechanisms suppress PN responses only in the presence of strong ORN inputs, indicating that activation of LNs occurs in a stimulus-dependent fashion in the silkmoth AL (Fujiwara et al. 2014; Tabuchi et al. 2013) . In the present work, we examined the detailed biophysical properties of individual AL neurons to better understand the inhibitory mechanism. In addition to the conventional spiking type of LNs, we found a specific morphological type of LN that has nonspiking-type physiological properties without gene expression of a voltagegated sodium channel. We also investigated functional synaptic connectivity by dual whole cell recording and found that the postsynaptic change of PN membrane potential in response to activation of the nonspiking LNs was substantially different from activation of the spiking LNs. Thus our results show that nonspiking and spiking LNs in the silkmoth AL are distinguished by morphology, intrinsic membrane properties, and even functional connectivity.
MATERIALS AND METHODS
Animals. The w1-pnd strain (nondiapausing line, colorless eggs and eyes) of male silkmoth was used. Larvae were reared on an artificial diet (Silk Mate 2S; Nosan Bio Department, Yokohama, Japan) at 26°C and 60% relative humidity under a 16:8-h light-dark cycle. Animals were used within 2-8 days after eclosion.
Preparation. Male silkmoth was chilled on ice (30 min) for anesthesia and immobilized on a dissecting chamber following isolation of the head. During the dissection, silkmoth physiological saline solution [140 mM NaCl, 5 mM KCl, 7 mM CaCl 2 , 1 mM MgCl 2 , 4 mM NaHCO 3 , 5 mM trehalose, 5 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), and 50 mM sucrose; pH 7.0] was continuously perfused over the preparation. Saline was bubbled with 95% O 2 and 5% CO 2 before use. The brain was exposed by opening the head capsule. The large tracheae and the intracranial muscles were removed. To better visualize the recording site and to facilitate efficient penetration of pharmacological chemicals, the AL was isolated surgically by removing the rest of the brain and glial sheath that envelops the AL. We note that antenna remains intact in this preparation during single-electrode recording. However, we performed dual-electrode recording under the condition in which the antenna was removed to eliminate the afferent ORN inputs, which generate fluc- tuations of membrane potential and thus may interfere with detection of the postsynaptic response (Kazama and Wilson 2009 ). The surface of the cell body was briefly treated with enzymes (0.5 mg/ml collagenase, type 4; Worthington Biochemical; 2 mg/ml dispase, grade II; Roche) at 25°C for 5 min and cleaned with a small stream of saline that was pressure-ejected from a large-diameter pipette. The cell surface was further cleaned by positive pressure from the recording electrode before recording. The preparation was immobilized on the bottom of a 35 ϫ 10-mm dish chamber using a plastic anchor and wax. The chamber was placed on the stage of an inverted microscope (Diaphoto 300; Nikon, Tokyo, Japan) and viewed with phase contrast optics and a ϫ40 objective lens. To exchange the bath solution, the preparation was perfused with saline by means of a gravity-driven system. Patch-clamp recordings. Whole cell recordings were performed at room temperature (25°C). Patch pipettes (5-8 M⍀) were fashioned from borosilicate glass capillaries with a Flaming/Brown puller (P-97; Sutter Instrument). The internal solution (150 mM K-gluconate, 1 mM MgCl 2 , 1 mM EGTA, 5 mM TES, 4 mM Na 2 -ATP, 0.5 mM GTP, 2 mM NaCl, 1 mM KCl, and 20 mM sucrose; pH 7.0) was used for whole cell recording unless otherwise indicated. Biocytin hydrazide (13 mM; Life Technologies) was added to the pipette solution before the recording. The purpose of the post hoc staining was to observe the morphological features of the recorded cell. Detailed procedures for single-cell labeling are described later. Recordings were acquired with an Axopatch 1D amplifier (Axon Instruments) and sampled with a Digidata 1200 interface. Dual whole cell recordings from pairs of AL neurons were made with two Axopatch 1D amplifiers. These devices were controlled on a computer using pCLAMP software. The signals were sampled at 20 kHz and low-pass filtered at 2 kHz. Junction potentials of 17 mV were nullified prior to high-resistance gigaohm seal formation. Series resistance was compensated by 60% except for recordings of small-amplitude currents, for which it was not compensated. Linear leakage currents were subtracted from all records by using pCLAMP software.
Single-cell labeling. After whole cell recording, the AL was fixed in 4% paraformaldehyde in PBS for 24 h at 4°C. After being washed for 1 h in several changes of 0.2% Triton X-100 in PBS, single neurons stained with biocytin were visualized by incubation with Alexa 488-conjugated streptavidin (Life Technologies) diluted 1:100 for 24 h on a shaker at 4°C. The AL was then dehydrated with a concentration gradient of ethanol from 70% to 100%, and cleared in methyl salicylate. Morphology of the targeted neuron was imaged using a confocal imaging system (LSM-510; Carl Zeiss, Oberkochen, Germany) with 488-nm excitation and a bandpass filter (505-550 nm). Serial optical sections were acquired at 0.7-to 1.0-m intervals at a size of 512 ϫ 512 pixels, and obtained images were adjusted for contrast and brightness using Adobe Photoshop CS (San Jose, CA) or LSM Image Browser rel. 4.2 software (Carl Zeiss).
Single-cell RT-PCR. After electrophysiological recording with the whole cell patch configuration, suction was applied to draw the cytoplasm slowly into the tip of the pipette. The pipette was immediately transferred to an RNase-free 0.2-ml PCR tube containing 10 l of RNase-free PBS solution with 1-2 U/l RNasin RNase inhibitor, 0.002 U/l RQ1 RNase-free DNase, and 1 M dithiothreitol (Promega). cDNA was synthesized from the total RNA using an oligo-dT adaptor primer and avian myeloblastosis virus reverse transcriptase supplied with the CellAmp Whole Transcriptome Amplification Kit ver2 (no. 3734; Takara, Shiga, Japan). The cDNA was amplified using Ex Taq DNA polymerase (RR006A; Takara) under the following thermal program: 94°C for 2 min, and 30 cycles of 98°C for 10 s, 55°C for 30 s, 72°C for 30 s, followed by one cycle at 72°C for 5 min. For amplification of BmNa V , a silkmoth voltage-gated sodium channel gene (Shao et al. 2009 ), primers used were 5=-ACATTCG-GCATAGAAGCAA-3= and 5=-TCGTGTCTTGATCAGCTG-3=, which can amplify the region containing exons 19a/b (Shao et al. 2009 ). This region corresponds to a highly conserved transmembrane domain, and no splicing form without the exons was detected in the adult silkmoth (Shao et al. 2009 ). For amplification of silkmoth ribosomal protein 49 (Bmrp49) as a positive control (Shinoda and Itoyama 2003) , 5=-CAGGCGGTTCAAGGGTCAATAC-3= and 5=-TGCTGGGCTCTTTCCACGA-3= were used. Equal amounts of PCR products were separated by electrophoresis on a 1.5% agarose gel. The identities of the PCR products were verified by DNA sequence analysis on an ABI 310 genetic analyzer using the BigDye Terminator v3.1 Cycle Sequencing Kit with the AmpliTaq DNA polymerase FS (Applied Biosystems).
Pharmacological treatment. Ionic currents were isolated with a combination of pharmacological blockers, appropriate voltage protocols, and ion substitution. Sodium currents (I Na ) were blocked by tetrodotoxin (TTX; 10 Ϫ7 M). Calcium currents (I Ca ) were blocked by Cd 2ϩ (10 Ϫ4 M). 4-Aminopyridine (4-AP; 5 ϫ 10 Ϫ3 M) was used to block transient K ϩ currents (I transient ), and tetraethylammonium chloride (TEA; 2 ϫ 10 Ϫ2 M) was used to block other sustained K ϩ currents (I sustained ). In addition, blockade of both K ϩ currents was achieved by replacing K-gluconate in the patch-pipette with Csgluconate. The electrical synapse recordings were made in the presence of 5 ϫ 10 Ϫ3 M Cd 2ϩ . To offset the change in osmolarity due to additional agents, the sucrose concentration in the silkmoth physiological saline solution described above was modified as needed. Equilibrium potentials (for 25°C) were calculated using the Nernst equation, assuming that the intracellular ion concentration equaled the concentration of the patch pipette internal solution. To measure steady-state activation, incrementing voltage step pulses were applied from a constant holding potential. The voltage dependence of voltagegated K ϩ currents was determined by converting the peak current to peak conductance (G). These currents were scaled as fractions of the calculated maximal conductance. The voltage dependence of activation for I Ca was determined from tail currents. The resulting currentvoltage (I-V) curves were fitted to a first-order Boltzmann equation of the form
where A is the amplitude of the conductance (or tail current) and s is the slope factor. V 0.5 is the voltage of half-maximal activation (V 0.5act ). Steady-state inactivation of voltage-dependent sodium cur- Values are means Ϯ SE of electrophysiological parameters of projection neurons (PNs; n ϭ 13), spiking local interneurons (LNs) that were confirmed as macroglomerular complex and most glomeruli (MGC-allGs)-sparse morphological type (n ϭ 56), and nonspiking LNs that were confirmed as MGC-allGs-dense morphological type (n ϭ 17). PNs analyzed in the study were of both uniglomerular (11 of 13) and multiglomerular (2 of 13) morphological type. n/a, Not applicable. rents was measured from a constant holding potential. Incrementing pre-steps were followed by a constant test pulse, for which the peak currents were measured. The data, scaled as a fraction of the maximal current (I Ca , I Na ), were fit to a first-order Boltzmann equation (Eq. 1), where V 0.5 is the voltage for half-maximal inactivation (V 0.5act ).
Data analysis. All analysis, statistical evaluation, and graphing were performed using Igor software (WaveMetrics) and MATLAB (The MathWorks). Chemical postsynaptic responses from dual whole cell recordings were averaged across three trials. The change in chemical postsynaptic membrane potential was calculated by subtracting the mean membrane potential in the postsynaptic cell during 1.2 s before current injection in the presynaptic cell from the mean membrane potential during the 300-ms period of current injection in the presynaptic cell. We modulated the amount of injected current in every experiment so that we could induce a substantial number of action potential (for spiking LN and PN) or a substantial amount of depolarization that reaches overshoot level (for nonspiking LN). Electrical coupling recordings were averaged across 30 trials, and the coupling coefficient between 2 cells was determined by the ratio of the voltage response in the postsynaptic cell divided by the voltage response in the presynaptic cell under steady-state conditions. All values are means Ϯ SE averaged across experiments; the MannWhitney U-test was used for comparisons of two groups, and ANOVAs followed by post hoc multiple t-tests with Holm-Bonferroni correction were performed for multiple comparisons. A significance level of 0.05 was accepted for all testing.
RESULTS
Whole cell recordings were performed from cell bodies located in the medial and/or lateral cell cluster of the isolated AL preparation, and the morphology of the recorded neurons was visualized post hoc using confocal imaging. PN data were obtained from medial cell cluster recordings, whereas LN data were obtained from lateral cell cluster recordings. The morphological classification of LNs was based on the criteria from a previous study (Seki and Kanzaki 2008) . In that study, two global multiglomerular types of LNs that arborized in both the MGC and most ordinary glomeruli were identified. These LNs were named "MGC-allGs-sparse" or "MGC-allGs-dense" with respect to the difference in dendritic density (Seki and Kanzaki 2008) . Mapping cell body position of the LNs revealed that cell bodies of the MGC-allGs-sparse LNs, which is the most common population, were widely distributed in the lateral cell cluster, whereas those of the MGC-allGs-dense LNs resided more ventrally and deeply (Seki and Kanzaki 2008) . The different locations of cell bodies allowed us to investigate these two morphologically distinct types of LNs preferentially by selecting them on the basis of soma position, and therefore we focused on examining these two types of LNs in our study. Despite our selection strategy, we also obtained a small percentage of other morphological types of cells, but they were excluded from the study.
Distinct physiological properties of the two morphologically distinct LNs. We first characterized the physiological profiles of AL neurons in current-clamp mode. In response to depolarized current injection, all PNs and MGC-allGs-sparse LNs showed spiking responses with TTX sensitivity (Fig. 1, A showed diversity in terms of mean frequency (Fig. 1C) . Threshold membrane potential of the action potential was Ϫ36.3 Ϯ 4.7 mV in PNs and Ϫ35.6 Ϯ 4.8 mV in MGC-allGssparse LNs, and the spike half-widths were 1.96 Ϯ 0.06 ms in PNs and 1.98 Ϯ 0.1 ms in MGC-allGs-sparse LNs. PNs had an average resting membrane potential of Ϫ62.4 Ϯ 2.9 mV, an input resistance of 217.4 Ϯ 117.4 M⍀, and membrane capacitance of 7.8 Ϯ 1.1 pF. MGC-allGs-sparse LNs had an average resting membrane potential of Ϫ53.3 Ϯ 2.7 mV, an input resistance of 155.7 Ϯ 64.7 M⍀, and membrane capacitance of 8.2 Ϯ 0.6 pF (summarized in Table 1 ).
In contrast to PNs and MGC-allGs-sparse LNs, we found that none of the MGC-allGs-dense LNs showed TTX-sensitive action potential in response to a depolarizing current pulse (Fig. 1D) . The responses of MGC-allGs-dense LNs were classified into "rectified" and "spikelet" types. The rectified response showed strong rectification following injection of depolarizing current (Fig. 1D1) . The spikelet response showed small membrane potential changes with a spike-like waveform, but they were not Na ϩ action potentials because of their small amplitude (Ͻ3 mV) and TTX insensitivity (Fig. 1D2 ). These nonspiking LNs with MGC-allGs-dense morphology had an average resting membrane potential of Ϫ49.7 Ϯ 6.4 mV, an input resistance of 48.4 Ϯ 3.6 M⍀, and membrane capacitance of 27.9 Ϯ 3.4 pF (summarized in Table 1 ).
To examine whether the difference in firing properties was due to the expression of the voltage-gated sodium channel gene, we collected cytoplasm from the recorded cells following the electrophysiological recording and performed single-cell RT-PCR. Using single-cell RT-PCR with PCR primers that amplify the silkmoth voltage-gated sodium channel gene (BmNa V ) (Shao et al. 2009 ), we found that BmNa V was not detectable in MGC-allGs-dense LNs but was present in PNs and MGC-allGs-sparse LNs (Fig. 1E) .
In summary, our results demonstrate that PNs and MGCallGs-sparse LNs generated a spiking response with BmNa V expression, whereas MGC-allGs-dense LNs showed a nonspiking response without BmNa V expression. Hereafter, for simplicity, we refer to spiking LNs with MGC-allGs-sparse morphology as "spiking LNs" and nonspiking LNs with MGCallGs-dense morphology as "nonspiking LNs."
Comparison of potassium and sodium currents in individual AL neurons. To compare voltage-dependent outward currents between AL neurons, we conducted pharmacological treatment with 10 Ϫ7 M TTX and 10 Ϫ4 M Cd 2ϩ . At least two outward currents were identified in all types of AL neurons. The two currents had different temporal kinetics (transient and sustained current) and pharmacological sensitivity to standard K ϩ current blockers, namely, 4-AP and TEA (Fig. 2A) . The transient outward current was sensitive to 4-AP, and the sustained outward current was sensitive to TEA ( Fig. 2A) . To isolate the 4-AP-sensitive component of the transient outward current (I transient ), the preparation was bathed with saline containing 10 Ϫ7 M TTX, 10 Ϫ3 M CdCl 2 , and 2 ϫ 10 Ϫ2 M TEA. The targeted neuron was held at Ϫ80 mV in the whole cell configuration. To examine the voltage dependence of the current, voltage step pulses were added in 10-mV increments between Ϫ80 and 60 mV. A hyperpolarizing prepulse was applied to Ϫ90 mV to exclude inactivation of ionic currents. I transient displayed rapid inactivation following the transient activation during a maintained depolarization (Fig. 2A2) . The peak currents evoked by each voltage pulse were used to construct the conductance-voltage (G-V) relationship (assuming E K ϭ Ϫ98.5 mV). Quantitative analysis revealed that the voltage dependence of activation as measured by the G-V relationship was similar between AL neurons (Fig. 2B) . We also examined the TEA-sensitive component of the sustained outward current (I sustained ). To record I sustained , the preparation was bathed with saline containing 10 Ϫ7 M TTX, 10 Ϫ3 M CdCl 2 , and 5 ϫ 10 Ϫ3 M 4-AP. I sustained was activated with voltage step pulses above Ϫ30 mV, and the profile of the current was sustained. I sustained showed little inactivation, and subsequently there was no detectable voltage dependence of steady-state inactivation (Fig. 2A3) . The peak currents evoked by each voltage pulse were used to construct the G-V relationship (assuming E K ϭ Ϫ98.5 mV). Similar to the result of I transient , both spiking and nonspiking LNs showed similar G-V relationships of I sustained (Fig. 2C) . We also compared the maximum current amplitude of I transient and I sustained in AL neurons. The results show that both of the current amplitudes of I transient and I sustained were significantly greater by ϳ1.9-fold in nonspiking LNs compared with spiking LNs and PNs (Fig.  2, D and E) . On the other hand, since nonspiking LNs were electrotonically more extensive than spiking LNs and PNs (Table 1) , these current densities were significantly reduced in nonspiking LNs compared with spiking LNs and PNs (Fig. 2,  F and G) .
Next, to compare voltage-dependent sodium currents in spiking LNs and PNs, outward currents were blocked by substituting K-gluconate with Cs-gluconate in the patch pipette solution and by adding 5 ϫ 10 Ϫ3 M 4-AP and 2 ϫ 10 Ϫ2 M TEA. To isolate I Na in spiking LNs and PNs, the saline was exchanged for a solution containing 10 Ϫ3 M CdCl 2 , 5 ϫ 10
Ϫ3
M 4-AP, and 2 ϫ 10 Ϫ2 M TEA. I Na was activated and inactivated very rapidly (Fig. 3A) . The I-V relationship of the peak I Na was determined by voltage steps between Ϫ80 and 60 mV in 10-mV increments (Fig. 3C) . The currents in both spiking LNs and PNs were activated at potentials higher than Ϫ50 mV, and maximum current was seen at approximately Ϫ20 mV (Fig. 3C) . To measure steady-state inactivation, 500-ms prepulses were delivered in 10-mV increments from Ϫ100 to Ϫ20 mV, followed by a test pulse to 20 mV (Fig. 3B) . The I-V curves were then fit to a first-order Boltzmann equation in both spiking LNs and PNs (Fig. 3D) . No significant difference was found between I Na of spiking LNs and PNs in terms of their peak current amplitude (Fig. 3E ) as well as current density (Fig. 3F) . These results together suggested that the electrophysiological properties of I Na were similar in spiking LNs and PNs.
Comparison of calcium currents in AL neurons. We next conducted a quantitative comparison of I Ca in individual AL neurons. To measure I Ca , the brain preparation was superfused with saline containing 10 Ϫ7 M TTX, 5 ϫ 10 Ϫ3 M 4-AP, and 2 ϫ 10 Ϫ2 M TEA. Under these pharmacological conditions, rapid activation and slow inactivation of I Ca were observed (Fig. 4A) . The I-V relationship of the peak I Ca was determined by voltage steps between Ϫ80 and 60 mV in 10-mV increments. The voltage dependence for activation was determined from tail currents, which are independent of the changing driving force during a series of varying voltage pulses. The tail currents were evoked by 20-ms pulses applied from Ϫ80 to 60 mV in 10-mV increments (Fig. 4B) . We first compared the I Ca parameters between PNs, spiking LNs, and nonspiking LNs (Fig. 4, C and D) . The activation started at command potentials higher than Ϫ30 mV in PNs and spiking LNs and higher than Ϫ20 mV in nonspiking LNs. The I-V relationship of the currents peaked at command potentials of 10 mV in nonspiking LNs and 20 mV in PNs and spiking LNs. However, abrupt activation of I Ca appeared in response to depolarizing voltage step, indicating imperfect space clamp. This could exert influence on the I-V relationship of I Ca to some extent. The I Ca with poor space clamp could be the result of being electrotonically extensive and/or distant expression of I Ca channels from the soma, especially in nonspiking LNs. For these reasons, we next compared the maximum current amplitude and density of I Ca in AL neurons. The results show that the peak current amplitude of I Ca was significantly greater (ϳ3.1-fold) in nonspiking LNs compared with spiking LNs and PNs (Fig. 4E) . On the other hand, since nonspiking LNs were electrotonically more extensive than spiking LNs and PNs (Table 1) , significant increase was no longer presented in the peak current density (Fig. 4F) .
Functional connectivity of PNs and spiking LNs.
To investigate functional synaptic connectivity between PNs and spiking LNs in the silkmoth AL, we conducted simultaneous recordings from pairs of cell bodies located in medial and lateral cell clusters where the PN and spiking LN somata are present, respectively (summarized in Table 2 ). We generated presynaptic action potentials with suprathreshold current injec- sponses recorded in current-clamp mode from the postsynaptic cell indicated functional connectivity between simultaneously recorded neurons. When the spiking LN was stimulated with step-depolarizing currents for 300 ms, which elicited several action potentials, we found that no substantial postsynaptic responses were induced in the paired PN (Figs. 5, A1 and B1) . However, when 300-ms step currents were applied to the PN in these paired recordings, postsynaptic depolarization responses were induced in the paired spiking LN (Fig. 5A2) . The average amplitude of spiking LN depolarization was about 1.3 Ϯ 0.3 mV (n ϭ 10; Fig. 5, A2 and B2) . Furthermore, bath application of 5 ϫ 10 Ϫ3 M Cd 2ϩ inhibited the excitatory postsynaptic potentials in spiking LNs elicited by PN activation (Fig. 5A2,  bottom) , indicating that these responses were due to chemical synaptic transmission.
Functional connectivity of PNs and nonspiking LNs. We next examined functional synaptic interactions between PNs and nonspiking LNs (summarized in Table 2 ). When the nonspiking LN was stimulated with step-depolarizing currents for 300 ms, which elicited a graded depolarizing shift of membrane voltage, substantial postsynaptic hyperpolarization responses were induced in the paired PN, indicating that the nonspiking LNs could elicit detectable inhibitory responses in the PNs (Fig. 6A1) . The average amplitude of PN hyperpolarization in response to 300-ms nonspiking LN stimulation was about Ϫ1.5 Ϯ 0.5 mV (n ϭ 8; Fig. 6B1 ). The postsynaptic response of the PN was weakened by administration of 5 ϫ 10 Ϫ3 M Cd 2ϩ (Fig. 6A1, bottom) , indicating that the responses were due to chemical synaptic transmission. However, when 300-ms step currents were applied to the PN, postsynaptic depolarization responses were induced in the paired nonspiking LN (Fig. 6A2) . The average amplitude of the depolarization response in nonspiking LNs in response to 300-ms PN stimulation was about 1.4 Ϯ 0.4 mV (n ϭ 8; Fig. 6B2 ). The postsynaptic response of nonspiking LNs was eliminated by application of 5 ϫ 10 Ϫ3 M Cd 2ϩ (Fig. 6A2, bottom) , indicating this observation was due to chemical synaptic transmission.
Functional connectivity of spiking LNs. We also performed paired recordings of two spiking LNs to determine whether reciprocal inhibitory connections between spiking LNs could be recorded (summarized in Table 2 ). Depolarization of one spiking LN recorded from electrode 1, hereafter referred to as spiking LN 1, induced small inhibitory responses in another simultaneously recorded spiking LN, hereafter spiking LN 2 (Fig. 7A) . These postsynaptic responses were eliminated by application of 5 ϫ 10 Ϫ3 M Cd 2ϩ (Fig. 7A) , indicating reciprocal chemical inhibitory connections. The average amplitude of spiking LN 2 hyperpolarization in response to spiking LN 1 activation was Ϫ1.5 Ϯ 0.3 mV (n ϭ 13; Fig. 7B1 ), and that of spiking LN 1 in response to activation of spiking LN 2 was Ϫ2.1 Ϯ 0.4 mV (n ϭ 13; Fig. 7B2 ). Fig. 8 for electrical coupling testing. In the paired recording among spiking LN, we refer to the data set of one spiking LN from one electrode as spiking LN 1 and refer to the data set of another spiking LN that is simultaneously recorded from another electrode as spiking LN 2. Detectable functional connections among spiking LNs (13 pairs of 47 tested) always showed a reciprocal response (Fig. 7) as well as nonrectifying electrical coupling (Fig. 8) . Electrical synapses between spiking LNs. To examine the possibility of electrical coupling, hyperpolarization and subthreshold depolarization were applied to presynaptic cells. Small but detectable membrane potential changes of the same polarity were observed in the postsynaptic cells, indicating the existence of electrical synapses between spiking LNs in the silkmoth AL (Fig. 8A) . These responses were always bidirectional and had almost equal magnitude in both hyperpolarizing and depolarizing directions. The mean value of the coupling coefficient for hyperpolarizing injections, determined by the ratio of the voltage response in postsynaptic cells divided by the voltage response in presynaptic cells, was 4.9 Ϯ 0.5% in spiking LN 1 to spiking LN 2 and 3.9 Ϯ 0.6% in spiking LN 2 to spiking LN 1 (n ϭ 13; Fig. 8D ). The mean value of the coupling coefficient for subthreshold depolarization was 3.8 Ϯ 0.6% in spiking LN 1 to spiking LN 2 and 4.2 Ϯ 0.6% in spiking LN 2 to spiking LN 1 (n ϭ 13; Fig. 8D ). In contrast to the pairs of spiking LNs, no detectable membrane potential changes were observed in the recordings between pairs of spiking LNs and PNs (Fig. 8B) or between pairs of nonspiking LNs and PNs (Fig. 8C) . This indicates that the presence of an electrical synapse between PNs and spiking/nonspiking LNs is less likely than an electrical synapse between pairs of spiking LNs. Taken together, our results suggest that the spiking LNs were connected by inhibitory chemical synapses, and electrical synapses were also found between spiking LNs.
DISCUSSION
The morphology of both PNs and LNs in the silkmoth AL has been comprehensively characterized (Namiki and Kanzaki 2011; Seki and Kanzaki 2008) . However, their intrinsic membrane properties and functional connectivity are relatively unknown. We found distinct physiological properties between two morphologically distinct LNs, as well as differences in their functional connectivity to PNs. The intrinsic neuronal properties and functional synaptic connectivity examined here provide a mechanistic framework for the neuronal machinery of information processing in silkmoth olfaction.
Two distinct types of LNs in the silkmoth AL. We provide evidence that LNs in the silkmoth AL include not only a spiking type but also a nonspiking type that does not have Na correlations with their morphology. Based on our previous morphological classification, spiking LNs are identified as the MGC-allGs-sparse morphological type, whereas nonspiking LNs are the MGC-allGs-dense morphological type. This suggests distinct physiological properties between the two morphologically distinct types of LNs in the silkmoth AL. We previously conducted comprehensive immunohistochemical analysis of AL neurons (Seki and Kanzaki 2008) and found that both of the MGC-allGs-sparse ("spiking LNs" in the present study) and MGC-allGs-dense ("nonspiking LNs" in the present study) morphological types of LNs are GABA immunoreactive. Accordingly, we believe that at least one of the neurotransmitters of these two types of LNs is GABA.
Functional synaptic connectivity in the AL. During dual recording, we could not observe a detectable change in PN membrane potential when depolarizing current was injected into the spiking LN. However, a membrane potential change toward hyperpolarization was clearly observed in the PN when depolarizing current was injected into the nonspiking LN.
One possible way to interpret this lack of detectable change in PNs in response to spiking LN activation is that the synapses of spiking LNs preferentially target ORNs rather than PNs. Evidence that LNs act at least partially through presynaptic inhibition on ORNs, without inhibiting PNs directly, has been reported in the Drosophila AL (Olsen and Wilson 2008) . However, we cannot exclude the possibility that the postsynaptic response was too small to observe by somatic recording if the membrane voltage was spatially attenuated, which has been shown in previous studies combining both experimental and computational estimation Kepler and Marder 1993; Prinz et al. 2003; Soto-Trevino et al. 2005; Takashima et al. 2006; Takashima and Takahata 2000) . Indeed, the advantage of electrotonically compact paired patch-clamp recordings to observe the postsynaptic response has been demonstrated in the P. americana AL (Warren and Kloppenburg 2014) .
Furthermore, it has been shown that a single inhibitory LN is not enough to trigger a postsynaptic PN response in the Drosophila AL, but that the response becomes detectable if the LNs were collectively and simultaneously activated (Huang et al. 2010 ). However, this experiment cannot exclude the possibility of neurotransmitter spillover from the presynaptic inhibition site to postsynaptic receptors, which is widely known to occur in the mammalian retina and central nervous system (CNS) (Houston et al. 2009; Park et al. 2007; Scanziani 2000) . Collective and simultaneous activation of inhibitory LNs may lead to abundant neurotransmitter release, and in this case, spillover activation of the postsynaptic receptor in PNs is likely to occur. Although further studies are warranted to provide a firm conclusion, what is clear in our study is that activation of a single spiking LN causes no detectable postsynaptic response in PNs, at least using our somatic recording configuration.
On the other hand, we showed that activation of a single nonspiking LN elicited an inhibitory postsynaptic response in the PN. This was clearly detected even in the somatic record- ings. We therefore suggest that synaptic strength of the inhibitory input from a nonspiking LN to a PN is powerful enough to be observed in our somatic recording configuration.
Chemical and electrical synapses among spiking LNs. We found reciprocal inhibitory postsynaptic responses between spiking LNs. When spike trains were triggered in one spiking LN, an average of the other spiking LN membrane potential showed a shift toward hyperpolarization. Spikeevoked hyperpolarization represents the functional existence of hyperpolarizing chemical transmission between spiking LNs.
In addition to chemical synapses, we found the presence of electrical coupling between spiking LNs. The coupling coefficient in our electrophysiological results was smaller than the one usually seen in the mammalian CNS Hestrin 1999, 2002) . This could be due to signal attenuation, because the soma is electronically distant from contact sites in invertebrate CNS. Indeed, the coupling coefficient in the Drosophila electrical synapse between excitatory LNs and PNs was similar to our result (Huang et al. 2010; Yaksi and Wilson 2010) .
Functional implication for olfactory processing. What is the functional significance of these two distinct types of LNs for olfactory information processing? To propagate electrical signals, spiking LNs generate an all-or-none Na ϩ action potential, whereas nonspiking LNs depolarize the membrane potential in a graded fashion. An action potential can be passed on without electronic decline regardless of the distance of the transmission, but the information is converted to a binary digital format, reducing the amount of information that can be represented per single cell (Juusola and French 1997) . The reduction of information capacity calls for ensemble activity of spiking neurons to fully represent information, demonstrated by population coding (Gray et al. 1989 ). Many types of interneurons are interconnected by both electrical and GABAergic synapses in mammalian neocortical circuits or the vertebrate retina, and the functional significance of coexisting electrical and GABAergic synapses in promotion of synchronous activity within the network has been suggested (Bacci and Huguenard 2006; Galarreta and Hestrin 2001; Hu and Bloomfield 2003; Scanziani 2000; Vervaeke et al. 2010; Volgyi et al. 2013) . Our finding that spiking LNs are connected by both electrical and chemical synapses suggests that spiking LNs may have a similar function in the silkmoth AL.
In addition, we discussed the possibility that the synaptic target of spiking LNs favored ORNs, rather than PNs, as part of a presynaptic inhibitory scheme. In particular, the spiking LNs spontaneously fire even without presentation of olfactory stimulation, and this may play a role as a high-pass temporal filter to reduce the low-frequency ORN noise entering the PN (Bhandawat et al. 2007; Olsen et al. 2010) .
Nonspiking LNs do not use all-or-nothing Na ϩ action potentials, but instead use graded changes in membrane voltage to transmit information. Using a graded change in membrane potential enables nonspiking LNs to conduct an analog coding scheme that confers a broad dynamic range of information per single cell (de Ruyter van Steveninck and Laughlin 1996; Juusola and French 1997; Papadopoulou et al. 2011) . Since nonspiking LNs are electrotonically more extensive than spiking LNs, it is likely that nonspiking LNs generate graded postsynaptic inhibition to the PN only in the case of strong ORN input caused by a high concentration of odor stimuli. If so, such a graded postsynaptic inhibition might be useful for shaping GABAergic mechanisms that suppress PN responses only in the presence of strong ORN inputs, indicating that activation of LNs occurs in a stimulus-dependent fashion in the silkmoth AL (Fujiwara et al. 2014; Tabuchi et al. 2013) . From the above, we suggest that spiking LNs spontaneously send presynaptic inhibition to ORNs, contributing to the suppression of low-frequency noise from entering the PN, whereas nonspiking LNs send postsynaptic inhibition to PNs only when there is a high concentration of odor present. Thus we propose a model in which spiking and nonspiking LNs modulate AL signal transfer in a stimulus-dependent fashion, acting together as a temporal bandpass filter in a circuit mechanism that optimizes processing performance, which is analogous to the vertebrate retina (Armstrong-Gold and Rieke 2003).
In conclusion, our findings suggest that the nonspiking LNs of the silkmoth AL are distinguished by their morphology, intrinsic membrane properties, and functional synaptic connectivity relative to spiking LNs, thus providing a fundamental framework for AL microcircuits.
